Introduction
l-2-Hydroxyglutaric (l-2-HG) aciduria is a rare recessive autosomal inherited metabolic disease usually observed in children. Patients present a very slowly progressive deterioration with cerebellar ataxia, mild or severe mental retardation, and various other clinical signs including extrapyramidal and pyramidal symptoms, and seizures [1] . This leukencephalopathy was first described in 1980 [2] . To date, there are a little above one hundred documented cases in medical literature [2] [3] [4] . Most are published in case-report form. Steenweg publishes the largest series in 2009 [5] . Neuro imaging findings generally show subcortical leukoencephalopathy, cerebellar atrophy and changes in dentate nuclei and putamen [3, 6] . Increased levels of l-2-HG in body fluids such as urine and cerebrospinal fluid or mutational analysis highlight the diagnosis by molecular biology.
The purpose of this study is to retrospectively describe the brain magnetic resonance (MR) abnormalities in patients with l-2-HG aciduria and to identify some features in our series.
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Case series

Patients and methods
During a three-year period (between March 1st, 2011, and March 1st, 2014), 17 patients (age range: 3-28 years; median age, 11,6 years) (Table 1 ) with a clinical suspicion of (l-2-HG) aciduria disease underwent brain MRI examination, including, in five cases, proton MR spectroscopy.
Patients underwent MRI within a 35,6-day period, (period range, 1-120 days; median period 30 days) after the outset of the first clinical abnormality. All patients were followed in the pediatric neurology Department.
Meanwhile, the clinical suspicion was confirmed by the increased levels of l-2-HG in body fluids and by molecular biology.
Brain MRI examinations were performed with a 1.5-T MR imaging system with a head coil. All our patients underwent general anaesthesia or mild sedation in order to perform MRI examination. The sedation was necessary because of the mental retardation in all the patients.
The protocol (Table 2) included sagittal T1 weighted images, axial and coronal T2 weighted Fast Spin Echo (FSE) sequences in all cases, T2 FLAIR (fluid attenuated inversion recovery) weighted images in almost half of the cases (47%) and diffusion-weighted images (DWI) in only three cases (17,6%). Monovoxel spectroscopy was added in the protocol in five patients (both long TE and short TE in three cases and only long TE in 2 patients).
A contrast agent was administered in one patient who have an associated cerebral heamatoma to determine yhe underlying cause. The patients did not receive the same MR protocol because the MR images were collected for three centers, but all the patients were all followed in the pediatric neurology departement in our hospital, which is, specialized, inter alia, in metabolis diseases. Two radiologists, 5 and 15 years of experience with pediatric MR image interpretation respectively, performed retrospectively the analysis of the available images. A consensus reading was performed. The radiologists were informed about the diagnosis but blinded to clinical condition.
This analysis was based on the collection of some items systematically for each patient according to a pre-established reading gird ( Table 3 ). The predominant location of the abnormalities was precised.
For the location of the White matter abnormalities (WMA), the readers noted the involvement of the subcortical WM, the periventricular WM and the central WM. WM swelling was defined as increased volume leading to broadening of gyri; WM rarefaction was defined as T2-hyperintense WM areas with low signal intensity on FLAIR images, but not as low as the signal intensity of cerebrospinal fluid [3] .
For the basal ganglia was noted the presence of an outer rim sign defined by a more proeminent signal intensity in the periphery.
Results
White matter MR abnormalities which are consisting of either swelling or rarefaction were present in the frontal and temporal lobes of the brain in all cases (Fig. 1 ). Parietal and occipital abnormalities were present in 94% and 88% respectively. WM abnormalities were most severe in the frontal regions (82,3%) (Graph1).
Subcortical abnormalities were present in most cases, representing the predominantly involved area (82,3%), followed by central WM (11,7%) and than periventricular WM (5,9%). Extreme and external capsules were affected in 9 patients (52,9%). Internal capsule was affected in only two cases (Fig. 2) . Internal and external capsules were both spared in 41,2% of cases. Corpus callosum and cerebellar WM were spared in all cases. Brainstem was affected in only one patient (5,9%).
WM abnormalities were bilaterally symmetrical in all the patients. These WM abnormalities were confluent in 12 patients.
Affected WM swelling was seen in 13 patients (76,5%), involving more frequently frontal (76,5%) and temporal (64,7%) lobes. Occipital lobe was spared in all cases. Among affected areas, predominant swollen WM was seen in frontal lobe in 11 patients (84,6%) (Fig. 3) .
Atrophy of cerebral WM was found in 47,1% of our patients. Cerebellar vermis atrophy was found in 11,8%, and cerebellar hemispheres in only one patient.
In 2 of 17 patients, there were cystic changes involving the frontal lobe in one case and the dentate nucleus in the other. In one case the readers noted a WM rarefaction involving the temporal lobe (Fig. 4) .
Cerebral cortex was involved in only one case (temporal lobe), while none of our patients had cerebellar cortex abnormalities.
The dentate nucleus was affected in all patients (Fig. 5) . Other nuclei were variably affected, the caudate nucleus in 6 patients (35,3%), the putamen in 12 patients (70,6%), the globus pallidus in 10 patients (58,8%) and the thalamus in only 3 cases (17,6%). Three out of the 6 cases where caudate nucleus was involved presented an outer rim sign in the T2-weighted images, as well as 7 from the 12 patients who had putaminal abnormalities. Gray matter (GM) structures involvement was summarized in the table below (Table 4) .
Monovoxel magnetic resonance spectroscopy (MRS) was performed in 5 patients. In one patient MRS was normal. It has revealed decrease in NAA, and choline peaks (Fig. 6 ) in four cases and multiplet 2,2 −2,7 in one case.
We tried, also, to determine what correlations exist between the clinical presentation (severity of the clinical prentation and the disease's duration) and the MR parameters in collaboration with the neuro-paediatritians. The MRI of patients belonging to the same family were compared in order to give some specificities. No statistical correlation can be established because of thr small number of patients in each family, but we think that the severity of MR parameters is correlated to the severity of clinical presentation rather than to the disease duration. However, the white matter atrophy can be correlated to the disease duration. Moreover, we found no imaging particularity correlated to the family affiliation. The Fig. 7 illustrate MR features in two patients belonging to the same family. The first patient is 17 years old, the disease duration for him is 16 years, he had severe clinical presentation with psychomotor delay, moderate mental retardation, tremors, epilepsia, pyramidal syndrom, chorea and rigiditity, cerebellar syndrom. The patient is 35 years old, the disease duration is 34 years, he had mild clinical presentation with psychomotor delay, mild mental retardation, epilepsia, pyramidal syndrom, cerebellar syndrom, no chorea and rigiditity, no tremors 
Discussion
l-2-Hydroxyglutaric aciduria occurs in both sexes. Symptoms usually appear in early childhood [1] . The diagnosis is supported by increased levels of l-2-HG acid in urine, plasma, and cerebro-spinal fluid [5] or by genetic analysis.
A close correlation between the clinical disability and the extent of pathologic changes on MRI has been reported [7] . The combination of sub-cortical leukoencephalopathy sparing the deep white matter and the corpus callosum together with atrophy of the cerebellar vermis and involvement of both dentate nuclei has been considered pathognomonic for l-2-HG aciduria [3] . Our results concur with the literature: the most affected areas are subcortical frontal WM and all of our patients had abnormalities in dentate nuclei. The dentate nucleus and putamen are constantly affected in many series, whereas, globus pallidus and caudate nucleus were variably affected. In our patients, we observed putaminal involvement in 71% of cases. Thalamus and brain stem sparing is a characteristic clue for differentiating l-2-HG aciduria from Canavan's disease in patients with macrocephaly and diffuse leukoencephalopathy [8, 9] . One of our patients had a brainstem abnormal signal and in three cases we reported thalami anomalies.
There are a few descriptions of histologic brain findings in L2-HG aciduria. They reported WM abnormalities (spongiosis, demyelination and cystic degeneration) most pronounced in sub-cortical regions [10] . Some studies have been reported, in which the authors describe malignant brain tumors of variable nature, during the course of the disease [6, [11] [12] [13] .
None of our patients had a brain tumor. Few data on proton MR spectroscopic changes are available. Decreased NAA and choline peaks, together with an increase in the myo-inositol peak, were reported [13] . l-2-HG acid is also known to generate three multiplets centered, respectively, at 1.91, 2.03, and 2.43 ppm [1] . An unusual singlet at 2.5 ppm has been recently described using the multivoxel PRESS technique in another patient [1] . A multiplet at 2.10-2.50 ppm might be seen, and could be generated by elevated glutamate and glutamine or l-2-hydroxyglutaric acid itself, which has a similar chemical structure to glutamate [14] .
We observed using the mono-voxel STEAM technique in four of our patient a deacrease in NAA and Choline peaks and a multiplet 2.20-2.70 in one patient. The validity of identification of an unusual peak on proton MR has been documented in other metabolic diseases. However, no specific peaks have yet been clearly described for HG acid [15] .
Our study had several limitations due to its small number of patients. Another limitation may be the retrospective nature of our study and the small number of patients in whom we practiced magnetic resonance spectroscopy.
In the future, further studies investigating MRS findings may determine its role in the diagnosis and possibly in the stating of the severity of the disease.
In conclusion, MRI in L2HGA permit to find morphological changes involving particular areas. This study shows consistent results with the literature. Fig. 7 . The comparison of the two coronal T2 slices in patient a and b show that in « a » there is obvious white matter signal abormality (in fronto-temporal), basal ganglia involvement, these features are more pronouced in « b ». We also note the ventricules' enlargement in b (not present in a) du to white matter atrophy.
Further studies with larger populations are needed to help the clinical management of patients with inhereted neurometabolic disorders.
